A number of missense mutations in the oxidative stress response protein DJ-1 are implicated in rare forms of familial Parkinsonism. The best-characterized Parkinsonian DJ-1 missense mutation, L166P, disrupts homodimerization and results in a poorly folded protein. The molecular basis by which the other Parkinsonism-associated mutations disrupt the function of DJ-1, however, is incompletely understood. In this study we show that three different Parkinsonism-associated DJ-1 missense mutations (A104T, E163K, and M26I) reduce the thermal stability of DJ-1 in solution by subtly perturbing the structure of DJ-1 without causing major folding defects or loss of dimerization. Atomic resolution X-ray crystallography shows that the A104T substitution introduces water and a discretely disordered residue into the core of the protein, E163K disrupts a key salt bridge with R145, and M26I causes packing defects in the core of the dimer. The deleterious effect of each Parkinsonism-associated mutation on DJ-1 is dissected by analysis of engineered substitutions (M26L, A104V, and E163K/R145E) that partially alleviate each of the defects introduced by the A104T, E163K and M26I mutations. In total, our results suggest that the protective function of DJ-1 can be compromised by diverse perturbations in its structural integrity, particularly near the junctions of secondary structural elements.
oxidative stress response by regulating the activity of the antioxidant transcription factor Nrf2 (25) and by regulating the synthesis of glutathione (26) . DJ-1 may also exert additional influence over cell fate thorough its involvement in the PTEN/Akt signalling pathway (27, 28) . Considered in total, these results and studies in a variety of model organisms (8, (29) (30) (31) suggest that DJ-1 operates in multiple pathways to enhance cell survival in response to oxidative insult.
The cytoprotective function of DJ-1 can be disrupted by several missense mutations that have been discovered in patients with heritable Parkinsonism (32) . The best characterized Parkinsonian missense mutation in DJ-1, L166P, disrupts homodimer formation and is rapidly degraded, thereby resulting in low steady-state levels of DJ-1 and accounting for the observed loss of protein function (33, 34) . The crystal structure of wild-type DJ-1 suggests that the L166P substitution disrupts the penultimate α-helix G (35) (36) (37) (38) (39) , and recent biochemical work has shown that the integrity of α-helix G is critical for DJ-1 dimer formation (40) . In addition, several other homo-and heterozygous disease-associated point mutations in DJ-1 have been identified, including A104T (41), M26I (42) , E64D (43) and E163K (44) . These point mutations are distributed throughout the DJ-1 structure ( Figure 1 ) and all have a less dramatic effect on cellular levels of the protein than the L166P substitution. Of these mutations, A104T and M26I are of particular interest since they reside in the core of the protein and therefore must exert their pathogenic effect by directly altering the properties of DJ-1. A very recent study showed that the M26I substitution leads to decreased thermal stability and an enhanced propensity for aggregation, although these defects are not as severe as those observed for L166P DJ-1 (45) . The E64D missense mutation, which is located in the solvent exposed helix B of DJ-1, does not alter the structure of DJ-1 (46) and stabilizes the protein (43, 45) . This suggests that E64D disrupts DJ-1 function through another mechanism that may involve interactions of DJ-1 with other macromolecules. In contrast, very little is known about the effects of the A104T and E163K point mutations on DJ-1. Furthermore, despite impressive progress made in the characterization of some pathological mutations in DJ-1, a detailed structural explanation for the observed deleterious effects of these disease-associated missense mutations on DJ-1 is still lacking.
In order to understand the impact of the A104T, E163K and M26I Parkinsonism-associated point mutations on DJ-1 structure and stability, we have determined the solution oligomerization state, thermal stabilities, CD spectral properties and atomic resolution crystal structures of each of these mutant proteins. Differential scanning calorimetry (DSC) indicates that all three Parkinsonian point mutations destabilize DJ-1 to varying degrees. In solution, these mutations do not significantly alter the secondary structural content or dimerization of DJ-1. Structural analysis indicates that each substitution compromises DJ-1 stability through a distinct structural mechanism that involves either the introduction of rotameric sidechain disorder and solvent into the DJ-1 core (A104T), disruption of a key stabilizing salt bridge (E163K), or the introduction of a packing defect into the core of the protein (M26I). Our results suggest that disease-associated point mutations compromise DJ-1 stability and function through multiple structural mechanisms.
Experimental Procedures

DJ-1 construct generation
Three different types of DJ-1 constructs were used in this study: one in which the DJ-1 gene was cloned between the NcoI and BamHI sites of pET15b and produces the native protein without a tag sequence (untagged DJ-1), a second in which the DJ-1 gene was cloned between the NdeI and XhoI sites of pET15b and produces a thrombin-cleavable N-terminal hexahistidine tagged protein (tag-cleaved DJ-1), and a third in which the DJ-1 gene was cloned between the NdeI and XhoI sites of pET21a, producing a C-terminal hexa-histidine tagged protein (DJ-1-6xHis). All DJ-1 point mutations (A104T, A104V, E163K, E163K/R145E, M26I, and M26L) were generated by site-directed mutagenesis and the mutations were verified using the DNA sequencing service at the Genomics Core Research Facility at the University of Nebraska-Lincoln.
Protein expression and purification
Recombinant DJ-1 proteins were expressed in BL21(DE3) E. coli grown in LB media supplemented with 100 μg/ml of ampicilin at 37°C with shaking. Once the A 600 of the culture reached 0.5-0.7, it was equilibrated at 20°C for 3 hours prior to induction of protein expression by the addition of IPTG to a final concentration of 0.1 mM. The induced culture was incubated at 20°C with shaking overnight and harvested by centrifugation the next day. Cell pellets were frozen and stored at −80°C until needed.
Untagged DJ-1 was purified using ammonium sulfate precipitation, hydrophobic interaction chromatography and anion exchange chromatography as previously described (47) . The tagcleaved and 6xHis-tagged DJ-1 proteins were purified using Ni 2+ -NTA metal affinity chromatography using standard procedures followed by subtractive purification using Hi-Q anion exchange resin (Bio-Rad). For DJ-1 proteins bearing a thrombin-cleavable N-terminal tag, Ni 2+ -NTA purified DJ-1 was incubated with thrombin (1 U thrombin/mg DJ-1) for 3-4 hours, followed by passage through a second Ni 2+ -NTA column to remove any protein that retained the hexa-histidine tag. Thrombin was removed from tag-cleaved DJ-1 by passage over benzamidine sepharose resin (GE Biosciences).
Purified DJ-1 was dialyzed against storage buffer (25 mM HEPES pH=7.5, 100 mM KCl, 2 mM DTT) for 4-12 hours at 4°C and concentrated to 20 mg/ml (ε 280 =4000 M −1 ml −1 ) using a 10 kDa MWCO centrifugal concentrator (Millipore). Purified DJ-1 ran as a single band on Biosafe Coomassie Blue (Bio-Rad) stained SDS-PAGE and was aliquoted, snap-frozen in liquid nitrogen, and stored at −80°C. The oxidation state of DJ-1 was determined by electrospray mass spectrometry (Redox Biology Center Mass Spectrometry Core Facility, University of Nebraska) to ensure that only reduced DJ-1 was used for the experiments in this study. Typically, samples of DJ-1 were >95% reduced, with less than 5% oxidized at C106 to cysteine-sulfinic acid. No evidence for other oxidized species of DJ-1 was seen in any sample.
Crystallization, data collection, and processing
For all crystallization experiments, DJ-1 at 20 mg/ml in storage buffer was crystallized using the hanging drop vapor diffusion method using drops containing 2 μl of protein and 2 μl of reservoir solution. Crystals of E163K DJ-1-6xHis in space group P3 1 21 were grown at room temperature in 2-7 days using sodium citrate (1.3-1.6 M) as a precipitant buffered with 50 mM HEPES pH=7.5. E163K DJ-1-6xHis crystals were cryoprotected by serial transfer through solutions of incrementally higher concentrations of sodium malonate pH=7.4 to a final concentration of 3.4 M (48). The crystals were mounted in nylon loops and cryocooled by direct immersion into liquid nitrogen.
Crystals of A104T (6xHis), M26I (6xHis), A104V (tag-cleaved), E163K/R145E (tag-cleaved) and M26L (tag-cleaved) DJ-1 were grown using the hanging drop vapor diffusion method by mixing 2 μl of protein at 20 mg/ml with 2 μl of reservoir solution (20-25% PEG 3000, 100 mM HEPES pH=7.5, 200 mM NaCl) and equilibrating against the reservoir solution for 2-10 days at room temperature. The resulting bipyramidal (space group P3 1 21) or javelin-shaped (space group P6 5 22) crystals were cryoprotected by serial transfer through the reservoir solution that was supplemented with increasing concentrations of ethylene glycol to a final concentration of 30% v/v. Crystals were removed from the cryoprotectant in nylon loops and cryocooled by direct immersion into liquid nitrogen. X-ray diffraction data for E163K DJ-1-6xHis were collected at the Advanced Photon Source (APS), BioCARS beamline 14 BM-C. Data for A104T and M26I DJ-1-6xHis were collected at the Stanford Synchrotron Radiation Laboratory (SSRL), beamline 11-1. Single crystals maintained at 100 K were used for the collection of each dataset, and the data were collected in separate high and a low resolution passes with differing exposure times and detector distances in order to avoid overloaded pixels for intense low resolution reflections. Because C106 is sensitive to radiation-induced damage, the beam intensity was attenuated and the crystals were exposed to X-rays for 10 seconds or less per 1° oscillation. Diffraction data for A104V, M26L and E163K/R145E tag-cleaved DJ-1 were collected at 120 K on a MicroMax-007 Cu rotating anode source (Rigaku) operating at 40 kV and 20 mA with Osmic Blue confocal optics and a Raxis IV ++ detector (Rigaku). All diffraction data were integrated and scaled using HKL2000 (49) and final data statistics for each data set are provided in Table  1 .
Crystal structure refinement SHELX-97 was used for the refinement of coordinates and anisotropic displacement parameters for A104T, E163K, and M26I DJ-1. Refinement was performed against an intensity-based, weighted least squares residual target function that included stereochemical and displacement parameter restraints (50) and excluded a test set of 5% of randomly chosen reflections that were sequestered and used for the calculation of the R free value (51) . The same reflections were chosen for inclusion in the test set for each of the three mutant structures. All measured data were used in the refinement and a bulk solvent correction was employed to allow the inclusion of the low resolution reflections. Initial rigid body refinement at 2.5 Å resolution using the model of human DJ-1 (PBD code 1P5F) (39) was followed by multiple cycles of stereochemically restrained refinement of coordinates and isotropic B-factors at 1.5 Å resolution using a stepwise increase in resolution (STIR instruction). Manual adjustments to the model, including construction of the initial solvent model, were made by inspection of 2mF o -DF c and mF o -DF c electron density maps in the program COOT (52) . Manual adjustments to the model were followed by additional cycles of conjugate gradient refinement and inclusion of all data using the STIR instruction. Upon convergence of the refinement using a model with isotropic B-factors, anisotropic atomic displacement parameters (ADPs) were introduced, resulting in a 3-5% decrease in both R and R free . The final cycles of refinement were performed with riding hydrogen atoms (excluding the hydrogen atoms on Oγ of serine, O of tyrosine, Oγ1 of threonine, and Nδ1 of histidine), followed by combination of the working and test set data during the final cycles of refinement.
The structures of A104V, M26L, and E163K/R145E DJ-1 were refined in REFMAC5 (53) , part of the CCP4 suite of programs (54) . A test set comprising 5% of the reflections were chosen at random and sequestered for the calculation of R free . A104V DJ-1 crystallizes in spacegroup P6 5 22, which has not been previously observed for DJ-1. Therefore, the structure was solved by molecular replacement using PHASER (55,56) with wild-type DJ-1 (PDB 1P5F) as a search model. For each structure, conjugate gradient minimization refinement against a maximum likelihood, amplitude-based target function that included stereochemical and B-factor restraints was followed by manual adjustments to the models guided by inspection of 2mFo-DFc and mFo-DFc electron density maps in COOT (52) . Anisotropic scaling and a bulk solvent model were included in the refinement. The geometric and stereochemical quality of each model was validated using both the MolProbity server (57) and the validation tools within COOT (52) . Final model statistics are shown in Table 1 .
Differential Scanning Calorimetry
DSC experiments were performed using untagged wild-type, A104T, M26I and E163K DJ-1 at 10-20 μM concentration in a VP-DSC microcalorimeter (Microcal) over a temperature range of 10-100°C at a scan rate of 60°C/hour in passive feedback mode. Reduced DJ-1 was dialyzed against vacuum degassed DSC buffer (10 mM HEPES pH=7.5) supplemented with 1mM β-mercaptoethanol at 4°C. All DJ-1 samples were diluted to 0.01-0.02 mM in dialysis buffer and the protein concentration was verified by A 280 using an extinction coefficient of ε 280 =4000 M −1 cm −1 . Prior to loading the sample, 5-10 reference buffer-buffer scans were collected and the protein sample was loaded "in cycle" to avoid instrument thermal hysteresis that is invariably observed in DSC for the first scan of a series. All thermograms were collected with freshly prepared samples and the data were processed by reference thermogram subtraction, concentration normalization, and progress baseline subtraction in the ORIGIN software package for DSC analysis (Microcal, Northhampton, MA). All the DJ-1 proteins studied here denature irreversibly upon heating, as judged by the absence of an unfolding endotherm during a second 10-100°C scan. This second 10-100°C scan was performed after cooling from 100-10°C at a rate of 60°C/hour followed by a 15 minute rest period at 10°C. T m values differ by 1°C or less in replicate DSC experiments on a representative DJ-1 sample.
Sedimentation Equilibrium Ultracentrifugation
Sedimentation equilibrium ultracentrifugation was performed at 20°C using a Beckman Coulter XL-I analytical ultracentrifuge (Beckman-Coulter, CA) employing a Ti-50 rotor and absorbance optics. Tag-cleaved protein samples were thawed on ice and buffer exchanged by rapid dialysis for 2 to 3 hours at 4° C against 25 mM HEPES, pH=7.5, 100 mM KCl and 1 mM DTT. After dialysis, the samples and buffer were centrifuged to remove particulates and diluted to the required concentration (1.0, 1.5 or 2.0 mg/ml) in the dialysis buffer. Samples (110 μl) and buffer (125 μl) were loaded in a six sector CFE sample cell fitted with quartz windows, allowing the monitoring of three different concentrations of sample simultaneously. Sedimentation equilibrium ultracentrifugation was performed at three different speeds: 1.7×10 4 , 2.0×10 4 and 2.4×10 4 rpm, and the absorbance of each sample was monitored at 270 and 277 nm as a function of radius. Absorbance scans were collected after 20 hours and 22 hours of centrifugation for every sample and compared to ensure that equilibrium had been attained, after which the speed was increased and the same procedure was followed. The partial specific volume of the protein samples and the solvent density were calculated using the program SedNTerp(58), using the partial specific volume of Tris as a substitute for the HEPES buffer that was used in this experiment. The data were analyzed using the Origin 6.0 data analysis software provided by the manufacturer. A variety of self-association models were fit to the data and the quality of fit was judged by both the magnitude and absence of systematic trends in the fit residuals. A model containing a single dimeric species for each sample fit the data adequately, and more complex models that included monomer-dimer or dimer-tetramer self-association did not improve the fit. The general equation used to fit the dimeric model to the data was:
Where A(r) is the absorbance as a function of radial position in the sector cell, A(r 0 ) is the absorbance at the reference position r 0 , M is the molecular weight of the protein dimer in g mol −1 , ν ̅ is the partial specific volume of the protein (ml g −1 ), ρ is the density of the solvent (g ml −1 ), ω is the angular velocity of the rotor (rad s −1 ), r is radial position in the sector cell, r 0 is the reference position, R is the gas constant, T is temperature (K), and C is the baseline offset.
Circular Dichroism (CD) Spectroscopy
CD spectra between 260 and 190 nm were collected at room temperature using a Jasco J-810 CD spectrometer employing a grating with 3400 lines cm −1 . Tag cleaved DJ-1 proteins were diluted to 10 μM in 10 mM potassium phosphate buffer, pH=7.5 and spectra were measured in continuous scanning mode at 50 nm min −1 with a 2 nm bandwidth and an accumulation of five scans per spectrum. The instrument response time was 1 second and the data pitch was 1 nm. Spectra were normalized to units of mean molar residue ellipticity (deg cm 2 dmol −1 residue −1 ) using protein concentrations determined by A 280 (ε 280 =4000 M −1 cm −1 ) according to the following equation:
where [θ(λ)] is the mean residue molar ellipticity as a function of wavelength, n is the number of residues in the protein, c is the concentration of the protein (M), l is the sample path length (cm), and θ obs (λ) is the observed ellipticity as a function of wavelength (nm). Approximate estimates of secondary structural content for the measured CD spectra were obtained using a Kohonen neural network trained against a set of 18 CD spectra collected from model proteins as implemented in the program K2D (59)
Results
DJ-1 is destabilized by each PD-associated missense mutation
The most common effect of disease-associated missense mutations is the reduction of protein stability (60) . As each of the three PD-associated DJ-1 mutations have the potential to destabilize DJ-1, the thermal stabilities of wild-type and the three PD-associated mutants in their fully reduced forms were determined by differential scanning calorimetry (DSC). The denaturation of DJ-1 is irreversible under our experimental conditions, therefore no thermodynamic analysis of the unfolding transitions was performed. The apparent melting temperatures (T m ), however, still provide a useful measure of the relative stabilities of the proteins. The wild-type protein has a T m of 66.2°C, which is reduced by each PD mutation to varying extents; M26I (63.4°C), A104T (58.7°C) and E163K (55.1°C). The unfolding endotherm for each sample is unimodal, allowing a meaningful T m to be determined for each unfolding transition (Figure 2 ). Our results show that M26I is the least disruptive of the three PD-associated mutations studied here, while A104T and E163K both substantially reduce the melting temperature of DJ-1.
Dimerization and secondary structure of DJ-1 in solution is unchanged by three PDassociated mutations
DJ-1 exists as a homodimer and buries 2600 Å 2 of surface area at the dimer interface (39) . One well-characterized PD-associated missense mutation, L166P, disrupts the DJ-1 dimer and results in loss of protective activity (33, 34) . As DJ-1 appears to be an obligate homodimer, disruption of the dimer interface might be one possible mechanism by which other PDassociated mutations impair DJ-1 function. Sedimentation equilibrium ultracentrifugation indicates that this is not the case for A104T, E163K and M26I DJ-1, all of which exist as dimers in solution ( Figure 3A-D) . Adequate fits to the observed data could be obtained with a model that assumes that only the dimeric species is present (Figure 3) , with no evidence of either monomeric or higher order oligomeric states of the protein. Consequently, we made no attempt to characterize the K d of the monomer-dimer equilibrium for these proteins, although this was done in a thorough previous study (45) . Molecular weights for the dimeric species of each sample determined from the sedimentation equilibrium ultracentrifugation experiment shown in Figure 3 are provided in Supporting Information Table S1 .
The secondary structural content of DJ-1 in solution is also unaffected by the A104T, E163K and M26I mutations, as shown by comparison of far-UV CD spectra (Figure 4) . The secondary structural content of DJ-1 in solution is approximately 35% α-helix, 18% β-strand and 47% coil/turn/other, as determined using the program K2D(59) (see Experimental Procedures). These values agree reasonably well with the secondary structural content of DJ-1 calculated from the crystal structure using the PDB annotation for secondary structure in 1P5F (35% α-helix, 27% β-strand, 38% other), indicating that none of the PD-associated mutants significantly alter the secondary structure of DJ-1 in solution. We note that these results differ from those of a previous study that reported reduced secondary structural content for M26I DJ-1 (45) . Some possible reasons for this discrepancy are provided in the Discussion.
The A104T mutation introduces disorder and water into the hydrophobic core of DJ-1 A104 is very highly conserved in homologues of DJ-1 and is located near the C-terminal end of β-strand 5 near a sharp turn that contains the functionally critical C106 residue. A104 resides in a tightly packed hydrophobic environment and the small size of the A104 sidechain allows for efficient packing with bulkier surrounding residues (L72, P109, and L112) in the central parallel β-sheet of DJ-1. The 1.05 Å resolution crystal structure of A104T DJ-1 shows that this substitution causes ∼0.4 Å displacements of L72 and L112 to alleviate steric clashes with the bulkier sidechain of T104 ( Figure 5A ). Apart from these local perturbations near the site of the A104T substitution, there are no major changes in either the structure or degree of order in other regions of the protein (Supporting Information Figures S2 and S3A ).
In addition, the T104 sidechain is discretely disordered and samples two rotameric conformations with refined occupancies of 0.54 and 0.46. The conformational disorder at T104 is correlated with the presence of a partially occupied water molecule that makes a hydrogen bond to Oγ in one conformation of T104 ( Figure 5B ). The 2mF O -DF C electron density for this water molecule is unambiguous (4.8 σ), however initial attempts to model this water molecule at full occupancy resulted in pronounced (−5.2 σ) negative mF O -DF C electron density ( Figure  5B ) after extensive positional and displacement parameter refinement in SHELX (see Experimental Proceedures). Therefore, the occupancy of this water molecule was reduced to 0.5 in order to eliminate this difference electron density, although this results in no significant change in the R free value. The reduced occupancy of this water molecule closely matches the refined occupancy (0.46) of the conformation of the discretely disordered T104 residue with which it interacts. This indicates that the presence of this water molecule in the core of DJ-1 is correlated with discrete disorder at T104. Further supporting this argument, this water molecule is absent in all other crystal structures of DJ-1. We propose that the A104T substitution destabilizes DJ-1 principally by burying a discretely disordered polar amino acid and an associated water molecule in a largely hydrophobic environment, thereby ferrying solvent into the core of the protein.
To establish to what degree the polar character of T104 influences the discrete disorder in the core of DJ-1 created by the A104T mutation, we engineered a non-polar A104V substitution and determined its structure using X-ray crystallography. The 1.85 Å resolution crystal structure of A104V DJ-1 shows that V104 is better ordered than T104, despite the very similar steric properties of these two residues ( Figure 6A) . A nearby peak in the difference electron density map (mF O -DF C ) contoured at 3.0 σ suggests that V104 samples a second minor sidechain conformation ( Figure 6A ). The good agreement between the model and the 2mF O -DF C electron density indicates, however, that V104 exists predominantly in the modeled rotamer ( Figure 6A ). As expected, no buried water is observed near V104 in A104V DJ-1. The non-polar character of V104 eliminates its ability to hydrogen bond both to the buried water molecule observed in A104T DJ-1 and to the backbone carbonyl oxygen of L72 ( Figure 6B ), thereby reducing the stabilizing interactions that favor discrete disorder at T104. Therefore, we conclude that the discrete disorder observed in A104T DJ-1 is due largely (but not entirely) to the enhanced hydrogen bonding potential of T104.
E163K disrupts a key salt bridge in DJ-1
In wtDJ-1, the carboxylate sidechain of Glu163 makes a salt bridge with the guanidinium sidechain of R145, which in turn anchors the C-terminus of the other DJ-1 monomer at the dimer interface by donating two hydrogen bonds to the peptide carbonyl oxygen of V186 ( Figure 7A ). The very high degree of conservation of both E163 and R145 and the electrostatically conservative character of sequence variations at these two positions in homologues of DJ-1 suggests that this salt bridge interaction is likely important. The 1.15 Å resolution crystal structure of E163K DJ-1 shows that substitution of lysine for E163 disrupts this salt bridge and results in increased mobility of R145 due to electrostatic conflict and loss of hydrogen bonding potential between K163 and R145 ( Figure 7B ). The principal structural change in E163K DJ-1 is that the sidechain of K163 swings away from R145 to alleviate repulsive electrostatic interactions resulting from the E163K mutation.
A comparison of refined anisotropic atomic displacement parameters (ADPs) for R145 in both wild-type and E163K DJ-1 shows that R145 becomes more disordered as a result of the E163K mutation, as demonstrated by the greatly elevated ADPs for the guanidinium sidechain of R145 ( Figure 7C,D) . The residue averaged B-factor for R145 increases from 10.4 Å 2 in wtDJ-1 to 25.6 Å 2 in E163K DJ-1 and B-factors throughout helices G and H (residues 159-189) in E163K DJ-1 are also elevated, demonstrating that loss of the R145-E163 salt bridge leads to increased disorder in this region of DJ-1 (Supporting Information Figure S3C ). We propose that the E163K substitution destabilizes DJ-1 through disruption of a key salt bridge between E163 in α-helix G and R145, located in the turn between β-strands 8 and 9. The disruption of this salt bridge leads to a loss of anchoring hydrogen bonds between R145 and the C-terminus of the other monomer in the DJ-1 dimer, increasing the mobility of R145 and thereby weakening a network of hydrogen bonds that spans the dimer interface.
The salt bridge between R145 and E163 in wtDJ-1 is stabilized by both charge complementarity and hydrogen bonding. The E163K mutation eliminates both types of interaction, leading to destabilization of the protein. To determine the relative contribution of electrostatics and hydrogen bonding to the stability of the 145-163 salt bridge, an engineered E163K/R145E double mutant was created to restore the electrostatic interaction between residues 145 and 163. The 1.5 Å resolution crystal structure of E163K/R145E DJ-1 shows that the sidechain of K163 moves to form a salt bridge with E145 ( Figure 8 ) in the engineered double mutant DJ-1. Despite the restoration of the salt bridge, the sidechain of K163 is partially disordered as indicated by weak 2mF O -DF C electron density, prominent negative difference mF O -DF C electron density, and elevated B-factors (Figure 8) . The disorder at K163 in E163K/R145E DJ-1 indicates that hydrogen bonding between the guanidinium sidechain of R145 and the carboxylate of E163 in wtDJ-1, which is absent in the engineered E163K/R145E double mutant, is a critical contributor to stability of the interaction between residues 145 and 163 in DJ-1. Further support for this conclusion is provided by the robust precipitation of E163K/ R145E DJ-1 that occurs during unsuccessful attempts to measure its T m by DSC.
M26I causes packing defects in the core of the DJ-1 dimer
M26 is a conserved residue in α-helix A that is located in the core of the protein. Although M26 is near the dimer interface, it does not directly participate in dimer-spanning contacts (Figure 1) . The 1.15 Å resolution crystal structure of M26I DJ-1 reveals that this point mutation is the least structurally disruptive of the Parkinsonism-associated mutations studied here ( Figure 9A ). The modest disruption of hydrophobic packing contacts around I26 is a consequence of introducing a β-branched amino acid in the tightly packed hydrophobic core of the protein. The steric conflict between the Cγ2 atom of I26 and the sidechain of I31 results in a ∼0.7 Å displacement of I31 away from I26. In addition, the M26I substitution creates a small (∼30 Å 3 ) cavity with consequent loss of optimal packing contacts in the interior of the protein due to the loss of the Cε and Sδ atoms of M26.
Unlike A104T and E163K DJ-1 (see above), the M26I mutation does not result in a significant change in sidechain conformation or degree of order at the site of the substitution. I26 has a mean sidechain B-factor of 9.3 Å 2 , which is only slightly elevated compared to the mean sidechain B-factor of 7.0 Å 2 for M26 in oxidized wtDJ-1 that was refined at comparable resolution (PDB accession code 1SOA) (5) . We note that the original 1.1 Å resolution crystal structure (1P5F) displays elevated B-factors and reduced anisotropy for most atoms as a result of radiation damage that was incurred during data collection (39) . Therefore, the ADPs from a less damaged crystal structure of C106-sulfinic acid oxidized wtDJ-1 (1SOA) are used for comparison with the ADPs from the mutant DJ-1 crystal structures reported in this study (5) . The ADPs and 2mF O -DF C electron density for I26 indicate that the residue does not show a pronounced directional bias in atomic mobility (mean residue anisotropy=0.59) and exists in a single rotameric state in the crystal ( Figure 9B) . Analysis of the crystal structure suggests that the modest thermal destabilization of M26I DJ-1 observed in DSC is due to minor core packing defects created by the branched sidechain of I26 and the loss of favorable packing contacts with the Cε and Sδ atoms of M26. These results are in broad agreement with previous molecular dynamics simulations that showed no major structural changes in response to the M26I missense mutation(61).
An engineered M26L substitution was created that eliminates the van der Waals conflict between I26 and I31 in M26I DJ-1. The 1.5 Å resolution crystal structure of M26L DJ-1 shows that, as expected, I31 returns to the conformation observed in wtDJ-1 ( Figure 9C) . Unexpectedly, the sidechain of L26 is discretely disordered and samples two conformations in the hydrophobic core of the protein ( Figure 9C ). This disorder is the result of the small cavity (∼30 Å 3 ) created by the loss of the Cε and Sδ atoms of M26, which permits two rotameric states of L26 to be accommodated without steric clashes. Although similar disorder is not observed in the pathogenic M26I mutation, the alternate conformations of L26 confirm that the cavity formed by removal of the M26 sidechain permits greater conformational flexibility in the core of DJ-1 and likely contributes to the modest thermal destabilization of M26I DJ-1 observed by DSC (Figure 2 ).
Discussion
In this study, a combination of DSC, CD spectroscopy, and sedimentation equilibrium ultracentrifugation was used to show that the A104T, E163K and M26I PD-associated mutations in DJ-1 variably reduce the stability of the protein without causing major structural changes or loss of dimerization in solution. Atomic resolution X-ray crystallography provides a structural rationale for the differing effects of the A104T, E163K, and M26I substitutions on the thermal stability of reduced DJ-1. The A104T point mutation introduces a discretely disordered residue into a hydrophobic environment near the functionally critical residue C106. A partially occupied water molecule that is absent in structures of wtDJ-1 is hydrogen bonded to one of the two rotameric conformations of T104, and the burial of a disordered polar residue and its accompanying water molecule is proposed to account for much of the destabilization of A104T DJ-1. The E163K point mutation disrupts a critical salt bridge to R145, which leads to elevated mobility for the guanidinium moiety of R145 and consequently interferes with a network of hydrogen bonds that involves L186 and spans the dimer interface. We note that the homozygous E163K mutation in DJ-1 was originally isolated from patients that also carried mutations in the promoter region of the gene, complicating the interpretation of the structural result in the context of the unusual clinical pathology of E163K DJ-1 (44) . The M26I mutation results in packing defects in the core of the protein due to both steric conflict with I31 and the creation of a small cavity resulting from the replacement of the bulkier methionine sidechain with isoleucine. Considered in total, our structural analysis suggests that even minor perturbations to the structure of DJ-1 can result in impairment of function sufficient to cause disease. This observation lends strong support to previous suggestions (45) that compounds that increase DJ-1 stability may make attractive targets for possible use in the pharmacological enhancement of DJ-1 function. Our results suggest that the solvent-exposed region between α-helix G and β-strand 10, where the E163-R145 salt bridge is located, provides a particularly attractive target for future investigation.
The results described here differ in some respects from a previous report on the solution properties of M26I DJ-1 (45) . In particular, our CD spectroscopic and X-ray crystallographic data show that M26I DJ-1 is well-structured in solution and in the crystal, while Hulleman et al. show that M26I DJ-1 has reduced secondary structural content and displays a pronounced tendency to aggregate. We propose that this discrepancy is due to the differing oxidation states of our respective preparations of recombinant DJ-1. DJ-1 is subject to oxidation of its cysteine and methionine residues and this oxidation is relevant for the function of DJ-1 in vivo (5, 6, 62) . We used reduced recombinant DJ-1 in this study, while Hulleman et al. used more oxidized samples that contained a mixture of C106-sulfinic and C106-sulfonic acid, as well as other oxidative modifications (45) . Previous studies have shown that oxidation of C106 to the cysteine-sulfonic acid leads to a partial loss of secondary structure, diminished stability, and enhanced aggregation (47) , possibly accounting for the reduced CD signal for M26I DJ-1 observed by Hulleman et al. (45) . The differences in the properties of our reduced M26I DJ-1 and the more oxidized sample studied by Hulleman et al. suggest that the M26I mutation may preferentially destabilize more extensively oxidized forms of DJ-1 (i.e. DJ-1 containing cysteine-sulfonic acid and methionine sulfoxide), thereby enhancing the loss of properly folded DJ-1 under conditions of cellular oxidative stress. In support of the in vivo relevance of oxidation-induced changes in DJ-1 stability, Hulleman et al. note that all of their DJ-1 samples exhibit oxidative modifications that are similar to those observed in DJ-1 isolated from brain tissue (45) .
Each of the three PD-associated mutations studied here causes a distinct type of defect, though none results in large-scale structural changes in DJ-1. One feature that these three PDassociated mutations share is that they are all located near the junctions between secondary structural elements in DJ-1. The structural integrity of the termini of secondary structural elements and the junctions between them is known to exert substantial influence on protein folding and unfolding kinetics (63) . Therefore, mutation-induced changes in folding efficiency of DJ-1 may contribute to the pathogenicity of these mutations by reducing the amount of properly folded protein in the cell. This proposal is speculative, however, because detailed studies of the folding and conformational dynamics of DJ-1 and its pathogenic variants are currently lacking. A detailed biophysical characterization of DJ-1 will aid in understanding the impact of disease-associated mutations on the protective function of the protein and promises to be an active field of future study.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Location of three PD-associated mutations in the DJ-1 dimer. The DJ-1 dimer is represented with one monomer colored blue and the other gold. Three residues that are mutated in certain forms of familial Parkinsonism studied in this work are shown in both monomers of the DJ-1 dimer, with prime symbols indicating the symmetry-related residues. Both M26 and A104 are located in the core of dimeric DJ-1, while E163 is a surface-exposed residue in α-helix G. The figure was created with POVscript+(65). All three PD-associated mutations thermally destabilize DJ-1. Differential scanning calorimetry (DSC) of wtDJ-1 (filled circles), M26I (open squares), A104T (filled squares) and E163K (grey triangles) shows that each pathogenic mutation reduces the apparent melting temperature (T m ) of DJ-1. The molar heat capacity at constant pressure (C p ) is calculated from the observed endotherms (ordinate), but cannot be subjected to thermodynamic analysis due to the irreversibility of DJ-1 denaturation. The T m for each sample reported in the text is taken from the fit of a non-two state unfolding transition to the measured endotherm. The secondary structural content of DJ-1 in solution is unaffected by three PD-associated mutations. Circular dichroism (CD) spectra were collected at 20°C, pH=7.5 for 10μM wtDJ-1 (filled circles), M26I (open squares), A104T (filled squares) and E163K (grey triangles) and show no significant differences in the mean residue molar ellipicity ([Θ]; ordinate) as a function of wavelength. Buried solvent and sidechain rotameric disorder in A104T DJ-1. Panel A shows a superposition of wild-type (1SOA (5); semi-transparent grey) and A104T DJ-1 (dark grey) in the region around the site of the substitution. The introduction of a bulkier and disordered sidechain at residue 104 results in structural perturbations of the surrounding residues L72 and L112. Panel B shows a 1.05 Å resolution view of the discrete rotameric disorder at T104 and the partially occupied water molecule. Inspection of 2mF O -DF C electron density contoured at 1σ (blue) shows that the buried water molecule forms three hydrogen bonds (dashed lines) with surrounding residues, including the Oγ atom of one conformation of T104. Negative difference (mF O -DF C ) electron density contoured at −3σ (red) indicates that the buried water molecule is partially occupied. This negative difference electron density disappeared when the occupancy of the water was reduced to 0.5 in the final model. The figure was created with POVscript+(65). Hydrogen bonding stabilizes discrete disorder at T104 in A104T DJ-1. Panel A shows the environment of an engineered A104V substitution in DJ-1. Inspection of 1.85 Å resolution 2mF o -DF c electron density at 1.0σ (blue) shows that V104 is less disordered than T104, despite the steric similarity of these two residues. Positive difference (mF o -DF c ) electron density contoured at 3.0σ (green), however, indicates that the residue likely samples a second minor conformation. In panel B, T104 makes two mutually exclusive hydrogen bonds that favor discrete disorder for this residue. The higher occupancy conformation for T104 is shown in the darker line, electron density (2mF o -DF c ) is contoured at 1.0σ (blue), and hydrogen bonds are shown in dashed lines with their distances provided in Ångstroms. The orientation of residue 104 in panels A and B is the same. The figure was created with POVscript+(65). The E163K substitution disrupts a critical salt bridge in DJ-1. Panel A shows the network of hydrogen bonds (dashed lines) that extend from the E163-R145 salt bridge to V186 in the other monomer of the DJ-1 dimer (marked with a prime). Panel B shows a superposition of wildtype (1SOA(5); semi-transparent grey) and the 1.15 Å resolution crystal structure of E163K DJ-1 (dark grey), showing that the substitution of a lysine at position 163 disrupts the salt bridge with R145 and leads to reorientation of the K163 sidechain. Electron density (2mF O -DF C ) contoured at 1σ (blue) and positive difference mF O -DF C electron density contoured at 4σ (green) calculated from the E163K DJ-1 model indicate that loss of the E163-R145 salt An engineered E163K/R145E double mutation creates a poorly ordered salt bridge. A superposition of E163K (semi-transparent grey) and an engineered E163K/R145E DJ-1 double mutant (darker line) shows that restoring electrostatic complementarity creates a salt bridge with the poorly ordered sidechain of K163. Electron density (2mF O -DF C ) calculated from the 1.5 Å resolution crystal structure of E163K/R145E DJ-1 is contoured at 1σ (blue) and shows that K163 moves to interact with E145. Prominent negative difference (mF O -DF C ) electron density contoured at −3.5σ (red) indicates that K163 is poorly ordered and that native hydrogen bonding interactions between R145 and E163 in wtDJ-1 are required for optimal interactions in this region of the protein. The figure was created with POVscript+(65). The M26I substitution results in packing defects in the core of DJ-1. Panel A shows a superposition of wild-type (1SOA(5); semi-transparent grey) and M26I DJ-1 (dark grey) in the region around the site of the substitution. The M26I substitution results in a ∼0.7 Å displacement of I31 to accommodate the Cγ2 atom of I26. In addition, the loss of the Sδ and Cε atoms of M26 creates a minor packing defect in the hydrophobic core of the protein. In Panel B, 2mF O -DF C electron density contoured at 1σ (blue) is shown with thermal ellipsoids calculated from the refined ADPs of I26, indicating that this residue is well-ordered in the crystal. The thermal ellipsoids are shown at the 60% probability level with their principal axes g Anisotropy is calculated as the ratio of the smallest to the largest eigenvalues of the refined ADP tensor and is calculated using PARVATI (64) .
h A statistic that is reported for structures refined in REFMAC5; N.A., not applicable.
